Abstract: This paper presents the chatter vibration avoidance method in high speed milling. Chatter vibrations have a bad influence on surface integrity and tool life. So how to get the cutting conditions without chatter vibration is very important. In order to get stable cutting condition, too many parameters are required. So this paper focuses on simplification and real-time control of chatter avoidance program. The developed method uses only microphone signal for chatter vibration sensing. The measuring signal is analyzed by FFT (Fast Fourier transform) method to get whether or not the chatter vibration is generated on cutting condition. If chatter vibration occurs, the developed program suggests stable cutting speed in real time with tool teeth number, damping ratio and chatter frequency. This suggested that the program reliability is confirmed by dynamic cutting forces and surface profiles.
Introduction
Because of the acceleration and superior precision of machine tools, the numerous high-quality products are currently produced. However, chatter vibration, which degrades the quality of processed products, remains a problem to be solved. Chatter vibration, which causes problems during the manufacturing process, appears to be a self-excited vibration. When chatter vibration occurs, a chatter mark exhibits a wave pattern appears on the surface of the processed product, and thus, the processing grade is degraded. Additionally, the load on the axial system increases, the tool-life is reduced, and damage occurs owing to the vibration. Accordingly, the processing cost increases, resulting in a drop in productivity [1] . Thus, it is necessary to research a program that can detect chatter vibration and propose a stable spindle speed that can prevent chatter vibration according to the dynamic characteristics of the axial system. A lobe diagram is a graph illustrating the relationship between the rotational speed and the depth of cut of the spindle [2] ; this is the most fundamental theory. However, because it requires extensive parameters to be applied in the practical industrial field, it is not often used. Thus, in the present research, stable and unstable areas are not determined according to the lobe diagram [3] . Instead, this research aims to easily apply the stable cutting condition through the chatter frequency only when chatter vibrations occur so that chatter vibration can be prevented [4] . The purpose of this study is to develop a virtual dynamic system that proposes a virtual condition to analyze the signal characteristics when chatter vibration occurs during processing and to prevent chatter vibration by using lab view.
Virtual Dynamic Machining System
A VDMS (Virtual dynamic machining system) was developed to precisely detect chatter vibration that occur during processing, and to effectively reduced it.
In existing research on chatter vibration, numerous variables have been used to generate a model that is similar to practical chatter vibration [5] .
However, the present research focused on detecting the occurrence of chatter vibration in real time by using simplified variables. Flowchart of VDMS is shown in Fig. 1 . The present program consists of the following six modules: a data filter processing module, a FFT (Fast Fourier transform) analysis module, a cutting force acquisition module, an impact excitation test module, a chatter vibration occurrence notification module, and a stable spindle speed recommendation module. Input values required for running the program are sampling rate, spindle speed, and number of cutting edges. Spindle speed is required to determine whether the detected frequency is a tool passing frequency or a chatter frequency. And the number of cutting edges is a necessary input value for calculating the stable spindle speed.
The structure of the front panel of the developed VDMS is shown in Fig. 2 and the position of each module is as follows: The chatter vibration occurrence notification and stable spindle speed recommendation modules are located at Position 1. The input variable and detected frequency are marked at Position 2. The module located at Position 3 is for determining the cutting force signal. The FFT analysis module microphone is located at Position 4, and at Position 5 the specifications of the filter for the signal can be selected. The impact excitation test module is located at Position 6. 
Impact Excitation Test Module
This module was operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array.
Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ, was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [6] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The prepared module is illustrated in Fig. 3 .
2.2Chatter Detecting Method Constructed Module
The developed VDMS conducts FFT analysis while determining the cutting signal. The signal obtained from the microphone is conveyed to the VDMS through the DAQ (Data acquisition) board and transmitted to the FFT analysis module after passing the filter. The frequency content that has the maximum amplitude of the analyzed microphone signal is detected by using the peak detector. Additionally, to determine the frequency that has an amplitude over a certain value, a threshold value was designated so that the frequency content could be detected. Generally, it is known that chatter vibration occurs near the natural frequency of the axial system, but nothing is quantitatively established. Because of the preliminary experiment, chatter vibration occurred only within the scope between approximately two and a half times the natural frequency of the axial system. Based on this scope, the preliminary experiment, chatter vibration occurred only within the scope between approximately two and a half times the natural frequency of the axial system. Based on this scope, the scope of chatter frequency f c was established by using
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The developed VDMS conducts FFT analysis while determining the cutting signal. The signal obtained from the microphone is conveyed to the VDMS through the DAQ (Data acquisition) board and transmitted to the FFT analysis module after passing the filter. The frequency content that has the maximum amplitude of the analyzed microphone signal is detected by using the peak detector. Additionally, to determine the frequency that has an amplitude over a certain value, a threshold value was designated so that the frequency content could be detected. Generally, it is known that chatter vibration occurs near the natural frequency of the axial system, but nothing is quantitatively established. Because of the preliminary experiment, chatter vibration occurred only within the scope between approximately two and a half times the natural frequency of the axial system. Based on this scope, the preliminary experiment, chatter vibration occurred only within the scope between approximately two and a half times the natural frequency of the axial system. Based on this scope, the scope of chatter frequency f c was established by using the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The the natural frequency f n , of the axial system calculated in the impact excitation test module, and the result was defined by using: f n /2 < f c < 2f n (1) Next, an algorithm that removes the harmonic content of the tool passing frequency was added by inputting the spindle speed value. The frequency detected in the FFT analysis module falls under the scope of Eq. (1) and has the maximum amplitude over the threshold. The frequency content of the tool passing frequency, not the harmonic content, was established as the chatter frequency. The program source calculating the present process is shown in Fig. 3 and is processed as follows. The signals that passed the filter are FFT converted and inserted into the one-dimensional array after being separated into f 0 , df, and magnitude. Among the signals, the frequency of the maximum amplitude is detected. This module is operated by loading the excitation response data of the axial system, obtained by using the impact hammer and accelerometer. Among the impact test data, the magnitude value was used in the impact excitation module, and the magnitude value configured in the two-dimensional array was converted to a one-dimensional array. Then, by using the peak detector, the natural frequency of the primary mode was calculated. The damping ratio δ was calculated after establishing two places at which the amplitude of the natural frequency was ± 1/√2 [5] . The calculated natural frequency and damping ratio were delivered to the FFT analysis module, which was used to designate the scope of the occurrence of chatter vibration. The prepared module was illustrated in Fig. 2 . through the peak detector and compared with the input machining speed to determine whether it was a tool passing frequency. Then, after confirming whether it occur near the natural frequency, the result was presented through the chatter vibration in the comparison operator. The chatter frequency detected in this process was conveyed to the indicator, which indicated whether chatter vibration had occurred. Additionally, the detected chatter frequency was used in the calculation of stable spindle speed, and the damping ratio δ required in this process is the value obtained by the impact excitation test module. The relationship between the chatter frequency f c and stable spindle speed N, which is calculated by Eq. (2) [7] . 
Cutting Force Acquisition Module
The cutting signal determined by the cutting force acquisition module is displayed in a graph in two ways: moving average method and resultant force method of each component of force. Resultant force F R is calculated through the component of force in the tri-axis direction, according to Eq. (3). When chatter vibration occurs, the resultant force largely increases compared to the stable machining; thus, the credibility of the chatter vibration detection is measured by using the size of the resultant force.
F R = (F a 2 + F r 2 + F t 2 )
1/2 (3) F R : Resultant force. F a : Axial force. F r : Radial force. F t : Tangential force. The module is prepared to add a scale input, which is the software amplifier, to the program, in addition to the hardware amplifier of the cutting signal.
Experimental Setup

Impact Test Setup
Because the chatter vibration evasion process of the present research is conducted under the mechanism of detecting chatter vibration through the natural frequency of the axial system, it is prioritized to identify the dynamic characteristics of the axial system.
The impact hammer underwent excitation by using Type 8206-002 from Bruel & Kjaer, and an accelerometer obtained a response signal by using Type 4384 from Bruel & Kjaer. In the case of the shock excitation test, the proficiency of the experimenter largely affects the result; thus, the frequency response was obtained through 10 mean value calculations by using only the experimental data, which features the credibility of the coherence function.
A schematic diagram of the experiment equipment is shown in Fig. 4 .
Cutting Experimental Setup
The present experiment was conducted at the MAKINO V55 tri-axis machining center. Regarding the signal during the cutting, data similar to the accelerometer were gathered, and for the sake of convenience in usage and signal measurement, the data were obtained by using the microphone (Bruel & Kjaer, Type 4189). Additionally, the distance between the areas at which the sensing and machining occurred was fixed at approximately 400 mm. The cutting force was obtained by using a Kistler 9257B-type dynamometer, and a Kistler 5019B130-type amplifier was used. The machined material was AISI 1045; the form of the machined product featured a low slenderness ratio, and thus, was machined to a bulk type so that vibration could not occur. Cutting fluid was not used here, and the filter used in determining the signal was a bandpass-type windowed FIR filter. The band was within 100 Hz to 5,000 Hz. The UT coating end mill from Unimax was used as the tool. There were two cutting edges with diameter of 10 mm. The length of the tool installed in the tool holder was established at approximately 55 m, which was slightly longer, so that chatter vibration could occur relatively easily. The machining conditions were listed in Table 1 , and the schematic diagram was shown in Fig. 6. 
Results
Results of the Impact Excitation Test
In the case of VDMS, the peak was obtained at the point of the inflection of magnitude among the impact test data; thus, it was displayed in a distorted graph, as indicated in Fig. 7 . The undistorted magnitude graph of the impact test was confirmed through the Origin Pro* graph tool and was shown in Fig. 8 . The natural frequency, calculated by loading the experimental data in the impact excitation test module of the VDMS, was 1,416 Hz, and the damping ratio was calculated to be 0.041. The scope in which the chatter vibration was detected through natural frequency was within 703 Hz to 2,832 Hz.
Cutting Force Analysis
As indicated in Fig. 9 , the size of the cutting force when chatter vibration occurs appeared to considerably increase compared to that under the stable machining condition. The cutting force averaged 246 N at spindle speed of 5,830 RPM and depth of cut of 1.0 mm. A cutting force of 556 N was measured under the conditions of 5,000 RPM spindle speed and 1.0 mm depth of cut, where chatter vibration occurred. This was more than two times larger than the cutting force of the stable machining condition. The cutting force at the introductory and end portions of the cutting There were two cutting edges with diameter of 10 mm. The length of the tool installed in the tool holder was established at approximately 55 m, which was slightly longer, so that chatter vibration could occur relatively easily. The machining conditions were listed in Table 1 , and the schematic diagram was shown in Fig. 6. 
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Cutting Force Analysis
As indicated in Fig. 9 , the size of the cutting force when chatter vibration occurs appeared to considerably increase compared to that under the stable machining condition. The cutting force averaged 246 N at spindle speed of 5,830 RPM and depth of cut of 1.0 mm. A cutting force of 556 N was measured under the conditions of 5,000 RPM spindle speed and 1.0 mm depth of cut, where chatter vibration occurred. This was more than two times larger than the cutting force of the stable machining condition. The cutting force at the introductory and end portions of the cutting increased owing to the shock from rotation [9] .
Front Panel Verification of VDMS
To evaluate the validity of the chatter detection of VDMS, which was operated after the microphone signal, was determined in real time during milling machining to verify the front panel under each condition.
Chatter vibration occurred at spindle speed of 5,000 RPM and depth of cut of 1.0 mm; this machining condition is described in Fig. 10 . The detected chatter frequency was 2,630 Hz, and a high-pitched chattering sound was generated in the air. Moreover, it was confirmed that a chatter mark appeared on the surface of the machined product. When the chatter occurred, the chatter indicator light activated (red), and the stable spindle speed was calculated through the detected frequency.
Spindle speed of 5,830 RPM is the stable spindle speed, calculated by the chatter frequency under the previous condition. The scope of the recommended spindle speed was between 5,830 RPM and 15,164 RPM; thus, 5,830 RPM, which was the closest value to 5,000 RPM, was selected as the machining condition.
Chatter vibration did not occur under the conditions of 5,830 RPM spindle speed and 1.0 mm depth of cut, and the chatter mark did not appear on the machined surface. The peak frequency detected here was 470 Hz, which is the fifth content of tool passing frequency. The front panel of this condition is illustrated in Fig.  11 , and unlike the front panel under the conditions during which chatter vibration occurred, the chatter indicator light remained green and the stable spindle speed did not appear.
Machining Surface
When chatter vibration occurred, a cross-striped chatter mark appeared on the surface; thus, reliability of VDMS to distinguish chatter was confirmed through the surface observation. At spindle speed of 5,000 RPM and depth of cut of 1.0 mm, the conditions under which chatter vibration was generated, the existence of a chatter mark was confirmed, as shown in the results of VDMS. The surface status of this condition was indicated in Fig. 12 , which shows one surface where increased owing to the shock from rotation [9] .
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When chatter vibration occurred, a cross-striped chatter mark appeared on the surface; thus, reliability of VDMS to distinguish chatter was confirmed through the surface observation. At spindle speed of 5,000 RPM and depth of cut of 1.0 mm, the conditions under which chatter vibration was generated, the existence of a chatter mark was confirmed, as shown in the results of VDMS. The surface status of this condition was indicated in Fig. 12 , which shows one surface where the machining was inconsistent and the marks of shaking left and right were generated. The conditions of 5,830 RPM spindle speed and 1.0 mm depth of cut are shown in Fig. 13 . Here, the chatter mark was not generated, but a subtle trace appeared where the tool passed through.
Conclusions
In the present study, a dynamic machining system had been developed that can detect chatter vibration in real time and avoid it during the cutting process.
The developed program VDMS was designed to determine cutting force and conduct FFT analysis, Impact excitation test, chatter detection, and optimal speed recommendation. By using this program, chatter vibration detection was confirmed through a machining experiment. Chatter vibration was detected and stable spindle rotation speed was calculated only with the vibration frequency generated during the machining experiment. Furthermore, it was confirmed that chatter vibration was not generated and stable machining was performed even if the depth of cut was not reduced during the machining to modify the calculated machining speed. the machining was inconsistent and the marks of shaking left and right were generated. The conditions of 5,830 RPM spindle speed and 1.0 mm depth of cut are shown in Fig. 13 . Here, the chatter mark was not generated, but a subtle trace appeared where the tool passed through.
In the present study, a dynamic machining system had been developed that can detect chatter vibration in real time and avoid it during the cutting process. The developed program VDMS was designed to determine cutting force and conduct FFT analysis, Impact excitation test, chatter detection, and optimal speed recommendation. By using this program, chatter vibration detection was confirmed through a machining experiment. Chatter vibration was detected and stable spindle rotation speed was calculated only with the vibration frequency generated during the machining experiment. Furthermore, it was confirmed that chatter vibration was not generated and stable machining was performed even if the depth of cut was not reduced during the machining to modify the calculated machining speed. the machining was inconsistent and the marks of shaking left and right were generated. The conditions of 5,830 RPM spindle speed and 1.0 mm depth of cut are shown in Fig. 13 . Here, the chatter mark was not generated, but a subtle trace appeared where the tool passed through.
In the present study, a dynamic machining system had been developed that can detect chatter vibration in real time and avoid it during the cutting process. The developed program VDMS was designed to determine cutting force and conduct FFT analysis, Impact excitation test, chatter detection, and optimal speed recommendation. By using this program, chatter vibration detection was confirmed through a machining experiment. Chatter vibration was detected and stable spindle rotation speed was calculated only with the vibration frequency generated during the machining experiment. Furthermore, it was confirmed that chatter vibration was not generated and stable machining was performed even if the depth of cut was not reduced during the machining to modify the calculated machining speed.
